ABSTRACT
and the performance when subjected to actual design-level earthquake induced shaking to be 23 documented. Both GFRP retrofits were found to be successful in preserving architectural 24 features within the buildings as well as maintaining the structural integrity of the URM walls. (satisfying between 1/3 and 2/3 of current earthquake loading standards) these buildings must be either seismically retrofitted or demolished within timeframes set by the territorial authorities (NZSEE 2006) , with the former scenario being favourable as many of these URM buildings are listed on the Register of the New Zealand Historic Places Trust. One retrofit option is the application of fibre reinforced polymers (FRP).
Fiber reinforced polymers consist of carbon, glass or aramid fibres embedded in a resin matrix to produce a high tensile strength, lightweight material. FRP has been commercially available since the 1940's and was originally used to improve the performance of vehicles for space exploration and air travel. Research on the use of FRP as a building material began in the late 1980's as it became more economically viable for structural engineering applications in concrete, masonry and timber materials (Bakis et al. 2002; Raftery and Whelan 2014) . In addition to high tensile strength and low weight, FRP material is corrosion resistant and is simple to apply. The resulting 51 
GFRP RETROFIT DETAILS Girls' High School (GHS) Building
A detailed history of the Arts Centre of Christchurch was previously reported by Bailey et al. improvements and the addition of structural steel framework. The use of single sided surface 99 bonded GFRP sheets was considered to be a suitable retrofit option due to the presence of 100 URM shear walls on which extensive areas of GFRP fabric could be adhered to. In literature it is 101 stated that single sided surface bonded GFRP sheets result in less effective improvement. In wall 102 components found in real buildings, where restraint of all the wall edges is typically provided by 103 the wall-diaphragm connections and/or continuity of the wall and the single sided application of 104 GFRP sheets is of lesser concern. As can be seen in Figure 2 , the selected walls for GFRP 105 retrofit application provided continuous areas with few perforations. The ability for the GFRP 106 retrofit to be applied to specific targeted areas of weakness in order to achieve the increased 107 shear and flexural strength to contribute to the overall strength of the structure was 108 advantageous and made GFRP an economically viable retrofit solution for the GHS building. shows GFRP retrofit application by an accredited contractor prior to the re-lining of the walls to 124 achieve a close-to-original finish. A first layer of GFRP sheets was applied followed by 125 installation of GFRP splay anchors into holes drilled into the masonry. Splay anchors were 126 installed in order to provide adequate connection between the GFRP fabrics and the masonry, 127
and to minimise delamination (see Figure 2e and Figure 3b ) and were typically spaced at 128 approximately 500 mm centres around the GFRP sheet perimeter. A second layer of GFRP 129
sheets was then applied. GFRP fabric prior to reapplication of the rendering plaster is illustrated in Figure 6 . The application of one layer of GFRP sheets was predominantly intended to improve the shear capacity of the individual piers. To increase the rocking capacity of the piers, approximately 12 mm diameter GFRP anchor rods were embedded 300 mm deep at 150 mm centres into the concrete strip foundation beams. A localised strip of the timber flooring was removed to allow the anchor rods to be drilled and epoxied into the concrete foundation beam. The top ends of the GFRP anchor rods were fanned out and positioned at the base of each retrofitted pier and oversplayed with the aforementioned GFRP sheets (see Figure 6c) . In addition to the GFRP anchor rods, the rocking capacity of the piers was further enhanced by providing extra 150 mm wide strips of GFRP fabric bonded along the full height of the pier edges (see Figure 6b and c).
The out-of-plane stability to the perimeter walls of the SCC building was enhanced by using vertically oriented steel hollow sections as strong backs regularly fixed to the URM walls. To ensure sufficient lateral load resistance in the north-south direction, a reinforced concrete shear wall was also added at the location shown in Figure 5 . The external veneer brick layer was secured to the main wall using stainless steel helical veneer ties installed at regular spacing.
CANTERBURY EARTHQUAKES
The Canterbury earthquake sequence began on 4 th September 2010 and was followed by a large number of aftershocks including the more damaging 22 
PERFORMANCE OF GFRP RETROFITED WALLS
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Performance of GHS Building
187
The interior plasterboard covering the GFRP retrofit was removed following the 22 nd February 188 2011 earthquake in test locations throughout the GHS building in order to observe the 189 performance of the retrofit. From the exposed locations there was no evidence to suggest 190 delamination of the GFRP from the stone masonry substrate. Minor cracks were observed in the 191 interior plasterboard in localised areas. One of these areas was around the chimney that acted as 192 a heavy weight cantilever, resulting in significant cracking throughout the surrounding area. 
Performance of SCC Building
217
The SCC building performed well during the 4 th September 2010 earthquake without incurring 218 significant earthquake damage, and following the earthquake the building was reoccupied after an 219 initial engineering inspection. Minor cracking was observed at the ceiling level and at the wall-220 ceiling corners. There was no visible cracking at the location of surface bonded GFRP sheets, as 221 shown in Figure 10a September 2010 earthquake. However, most of the wall segments that were retrofitted using 229 GFRP fabric overlays sustained no to minimal cracking, as shown in Figure 10b . In some cases 230 (see Figure 10c ) a vertical crack was developed at the locations where the GFRP sheets 231 terminated, indicating minor relative movement. In two out of seven piers where GFRP fabric 232 was applied there was minor horizontally oriented cracking observed, as shown in Figure 10d , 233 with the crack widths measured as approximately 0.25 mm and predominantly extending the 234 entire width of the wall segment. In the same wall segments, horizontally oriented hairline 235 cracking was also observed on the opposite side of the wall to where GFRP sheets were applied 236 (see Figure 10e) . In places where relative movement of the timber floor diaphragm occurred the 237 GFRP fabric was inspected for visual signs of delamination, as shown in Figure 10f . Movement 238 of the timber floor diaphragm relative to the URM walls was attributed to moderate liquefaction 239 that was observed on site. 240
In many cases the URM walls in the SCC building that had no GFRP fabric sustained significant 241 irreparable earthquake damage. Perforated corridor external walls that were directly opposite to 242 the GFRP retrofitted walls along the east wing of the SCC building provided a good benchmark 243 comparison of performance. The corridor external walls suffered significant damage due to 244 rocking and sliding failure of the URM piers (see Figure 11a and 
